Introduction (<0.26 g/kg).
In vivo MRS were acquired for all animals, while a reduced number of them (n=5 obese and n=4 lean) were used for Folch's extraction protocol (21) and HR-NMR measurements. All studies were conducted in accordance with the guidelines of the Committee for animal research at the University of Verona. Oil standard samples for HR-NMR were prepared by diluting 20 µL of oil in 600 µL of deuterated chloroform (CDCl 3 ) and placed in 5-mm NMR tubes. Plain oil was used for MRS. Oil samples were prepared simultaneously from the same bottle for both MRS and HR-NMR. Animal fat was extracted from rat WAT and BAT using Folch's standard method (21) . After extraction, HR-NMR samples were prepared by diluting a few µL of extracted fat in 600 µL of CDCl 3 .
HR-NMR and MRS experiments
MRS experiments were carried out using a 4.7T Biospec System (Bruker, Germany) equipped with a birdcage coil (72 mm in diameter) and a flat surface coil (15 mm in diameter).
Spectra were obtained using a PRESS sequence with TR/TE = 4000/22 ms, NEX = 256 (17 minutes of acquisition time), BW = 20.03 ppm, Voxel size = 1-2 mm 3 . No water suppression was applied.
For TR = 4000ms, no correction of T1 was necessary (23) . To perform T2-correction, both for oil phantoms and animal adipose tissue, spectra were acquired at different TEs (from 6 to 50 ms, TR = 2500 ms) according to Strobel et al.(23) . Animals were pre-anesthetized with 5% of isofluorane in a mixture of O 2 and air and then kept anesthetized with 1-1.5% of isofluorane. The surface coil was carefully positioned over the inguinal part of the rat, where WAT deposit is situated. Oil standard samples were laid on the surface coil and inserted in the centre of the birdcage transmitter coil.
Temperature was approximately 22°C.
HR-NMR spectra were acquired using a Bruker DRX spectrometer operating at 500.13 MHz for 1 H nuclei, with a 5-mm TXI probe. HR-NMR spectra were acquired at 298 K, with a repetition time of 2.64 s, spectral width 5 kHz, flip angle of 45°, total number of transients of 128 and 16K acquisition data points. No line broadening was applied in data processing and spectra were zero filled to 32K. Chloroform signal (δ = 7.27 ppm) was used as chemical shift reference, except for samples containing TMS standard (δ = 0.00 ppm). The software Topspin 1.3 (Bruker, Germany) was used to acquire and process the data; baseline corrections, phase adjustments and calculation of integrals were manually performed using the tools implemented in this software.
Data analysis
Peaks of proton spectra were assigned to chemical groups of tryglicerides according to the nomenclature reported in Figure 1 . In accordance with references (30) and (23), the following formulas were used to calculate the lipid indexes, starting from the peak areas (letters refer to the Area Under the Curve (AUC) corresponding to each peak):
Because the peak K overlaps with the LM group in MRS, LM is obtained by
(which was experimentally validated using AUCs of corresponding peaks in HR-NMR). [6] where ft represents the Triunsaturated Fatty Acids component which was assumed negligible, ft=0, according to Strobel et. al (23) .
The total unsaturation value, ui, was calculated by considering the ratio between the AUC of the olefinic protons, LM, and the terminal methyl protons, A. The fu index provides an alternative way to express unsaturation: the degree of unsaturation is measured using the ratio between the allylic protons, E, and the acetalic protons, F. Similarly, the degree of polyunsaturation can be calculated using two indexes, pi and fd. The pi index is obtained by dividing AUC of peak G for the AUCs of methyl protons, A, whereas fd uses the values of acetalyc F peaks instead of A. The numerical coefficients in the above reported relationships account for the number of protons which contribute to each resonance (21) . It should be noted that equation [4] is valid if the samples do not contain significant amounts of mono-and di-glyceride, that is to say that the equations [7] and [8] are satisfied:
The above condition was experimentally verified by HR-NMR spectra both in oils and animal tissue extracts.
Finally, the theoretical values of the previously indexes of pure TGs mixtures (see Materials and
Methods, HR-NMR and MRS experiments) were manually calculated starting from the molecular formulas and from the medium number of double bounds for each chain.
Analysis of MRS data
After acquisition, MRS spectra were transferred to a PC for analysis Moreover, the default weighting function of QUEST was applied in order to correct baseline distortions. For rat spectra, an additional Lorentzian was added to fit the water peak at 4.7 ppm.
T2-correction of AUCs was performed according to Strobel et al. (23) by fitting the monoexponential model function to experimental data:
where M TE is the amplitude of a peak at echo time TE, and M 0 is its initial amplitude.
Statistics
The Mann-Whitney U-test was used to assess the statistical significance of differences between obese rats and controls. MATLAB was used for the computation of R HR-NMR values with theoretical ones on TG phantoms, and for calibrating MRS values with HR-NMR in phantom oils measurements. In the fist case theoretical values were assumed to be the regressors and HR-NMR ones the endogenous variables; in the second one, the HR-NMR values were assumed to be the regressors (since HR-NMR measurements were used as "gold standard" as previously noted) and the in vivo values were assumed as endogenous variables.
Results

TGs and Oil phantoms
Experiments were initially conducted by HR-NMR in TGs mixtures of known composition in order to validate the relationships used to extract the lipidic indexes. Results are reported in Table   I , where the experimental values for mean unsaturation and polyunsaturation are compared to the theoretical values. Table I 
Animal lipid analysis
The lipid parameters, ui, pi and mcl obtained in WAT of Zucker and lean rats are reported in results, the mean ui values measured by MRS did not show a statistically significant difference between the groups. The Pi value measured by HR-NMR (Fig.4) was also much lower in obese compared to lean animals and this difference was also detectable with statistical significance (p<0.001) in MRS data. Analogously, HR-NMR detected clear differences in both fu and fd (data not shown), but statistically significant differences were found in vivo only for fd (p<0.001). Results for mcl from HR-NMR and MRS, the latter with and without HR-NMR-based calibration, are shown in Fig.5 : both techniques did not report difference in mean chain length between control and obese animals. pi (24.8% and 55.6%, respectively) was observed in BAT of obese rats compared to controls. In addition we detected differences between BAT and WAT: in both groups, WAT had higher unsaturation and polyunsaturation indexes than BAT. Indeed, the ui value of WAT was 14% and 19% higher than BAT in control and obese animals, respectively. Similarly, the pi value of WAT was 45% and 22% higher than BAT in control and obese animals, respectively.
Discussion
In vivo localized proton magnetic resonance spectroscopy has been proposed as a non invasive tool to measure lipid composition in adipose tissues of animals and humans (22) (23) (24) . In the present study, localized in vivo and high resolution ex-vivo magnetic resonance spectroscopy were used to investigate the composition of adipose tissues in Zucker obese and lean rats.
Preliminary experiments were performed in TGs mixtures of known composition by HR-NMR in order to establish the validity of the relationships used to calculate polyunsaturation and unsaturation indexes. Both ui and fu (equations [1] and [5] ) (30, 23) Qualitative differences between WAT of Zucker obese and lean animals were apparent from HR-NMR and also from MRS, although in MRS the difference in ui was not statistically significant. The accuracy of the MRS quantification method is crucial for the standard deviation of the mean values and consequently for statistical significance of the results. As a general consideration, the polyunsaturation expressed either by the pi or by fd indexes can be well estimated from MRS data because the G peak (2.75 ppm) is distant from other peaks. In contrast, the determination of ui is performed by considering the peak A (0.9 ppm), which may partially overlap with the huge peak BC (at 1.3 ppm), and LMK, which is formed by two indistinguishable signals, LM and K. Consequently, the quantification of LM from MRS data can be difficult and this may contribute to an increased inter-subjects standard deviation. Similarly, the fu index is calculated based on partially overlapping peaks such as E and F. It is noteworthy that inaccuracies due to partial overlapping of peaks will be less important at higher fields thanks to the larger frequency separation of NMR peaks.
From the biological point of view, results obtained in the present study showed that adipose tissue in Zucker obese rats is qualitatively different from that of Zucker lean rats. Specifically, lower values for ui and pi were observed in WAT and BAT from obese rats compared with control animals. A similar result for pi was already found by our group in WAT of ob/ob mice (13). The biological meaning of this finding remains to be clarified. Ui and pi may be related to the degree of activation of lipolysis, i.e. the degree of activity of adipose tissue. In the present study obese rats showed lower ui and pi than lean rats, which indicates that adipose tissue in obese animals is more active than in lean ones. This may be related to the well documented metabolic characteristics of this animal model, such as hyperinsulinemia, hyperlipidemia and hyperadiponectinemia (26, 36) .
Previous studies have confirmed high metabolic activity in Zucker fa/fa rats (37) . A different interpretation for these results could be a selective accumulation of saturated fats, or a defect in accumulating unsaturated fats. A defect in accumulating unsaturated fats might be supported by a deficit in gene expression of specific transporters such as CD 36 (38) . It should be noted that a decrease in unsaturation with the increase of the Body Mass Index has been also found in skeletal human muscle (8). Such a decrease was interpreted focusing on the desaturase enzymes, termed Δ Without the need of water suppression pulses and thanks to the inherently high signal, MRS acquisitions on fatty tissues can be easily implemented in clinical examinations (24) and, especially at high magnetic field, could provide useful information on the fat deposits composition. Clinical data could contribute to clarify the relationship between the properties of fat and some widespread disorders such as for example obesity, insulin resistance and diabetes.
Conclusions
In vivo, single voxel, Magnetic Resonance Spectroscopy (MRS) at 4.7 T and ex vivo, high resolution, Proton Magnetic Resonance Spectroscopy (HR-NMR) at 500 MHz were used to study the composition of adipose tissues in Zucker obese and Zucker lean rats. Albeit with different sensitivity and accuracy, both techniques revealed that WAT is characterized by different unsaturation and polyunsaturation indexes in obese rats compared with controls, confirming the hypothesis of lipid metabolism abnormality in Zucker rats. HR-NMR showed similar differences in BAT. It remains to be investigated whether similar differences exist in human fat deposits, and their potential diagnostic usefulness. Fig.1 Representative MRS (1) and HR-NMR spectra (2) of WAT acquired respectively in vivo and ex vivo, after extraction. Peaks are marked using the same nomenclature as the lipid molecular formula. animals. Data are shown as mean ± SD for the two groups of animals. HR-NMR values were lower in obese than in control rats; this trend was also observed using MRS, but the difference was not statistically significant, because of the large standard deviation affecting the in vivo data. 
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